The present work indicates that RNA primer requirements for poly(U) polymerase in the free ribosomes of the rat liver depend upon the degree of enzyme purification. The poly(U) polymerase activity obtained from a crude free ribosomal preparation was compared with the enzymic activity of a partially purified enzyme. After preliminary purification, the enzyme was fractionated by chromatography on Sephadex G-1 50 and CM-cellulose. Our results demonstrate the presence of several forms of poly(U) polymerase activities, some requiring exogenous RNA and others possessing their own endogenous primer RNA.
There have been many reports on adenylate-rich sequences in rapidly labelled RNA species (Edmonds & Abrams, 1960; Darnell et al., 1971; Lim & Canellakis, 1970; Lee et al., 1971 ; Edmonds etal., 1971) , but recent work has also demonstrated the occurrence of uridylate-rich sequences in heterogeneous nRNA and mRNA (Molloy et al., 1974; Korwek et al., 1976) . Poly(U) polymerase activity (UTP-RNA uridylyltransferase, EC2.7.7.-) has been reported in various cytoplasmic and microsomal preparations (Wilkie & Smellie, 1968a,b; Klemperer, 1963; Wykes & Smellie, 1966; Burdon & Smellie, 1961; Hozumi et al., 1975; Brishammar & Juntti, 1975; Villarreal & Holland, 1974; Burdon, 1963) ; more recently Milchev & Hadjiolov (1978) have described poly(U) polymerase in the cytoplasmic ribosomes of Ehrlich ascitestumour cells. The present study reports the presence of similar poly(U) polymerase activity localized mainly in the free ribosomes of rat liver. In addition, after preliminary purification, the enzyme preparation was further fractionated by column chromatography on Sephadex G-150 and CM-cellulose. Our results indicate the presence of several forms of poly(U) polymerase activity, some requiring exogenous RNA and others possessing their own endogenous primer RNA.
Materials and Methods

Materials
[3H]UTP and other 3H-labelled nucleotides were obtained from Schwarz-Mann, Orangeburg, NY, U.S.A.; [_-32P] UTP and [y-32P]UTP were purchased from ICN, Irvine, CA, U.S.A. Dowex 1(X8; 200-400mesh) was procured from D & P Minerals Co. Analytical-grade reagents were utilized.
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Isolation of ribosomes
Male Sprague-Dawley rats (Zivic Miller, Pittsburgh, PA, U.S.A.), kept without food overnight, weighing between 170 and 180g were utilized for the study. The animals were killed by cervical dislocation and the livers were homogenized in 2vol. of 0.25M-sucrose in TKM buffer, pH 7.6 (0.05 M-Tris/HCl/ 0.025M-KCl/0.5mM-MgCI2) containing 0.1 vol. of ribonuclease inhibitor (Blobel & Potter, 1967a) . The homogenate was prepared with a Potter-Elvehjem homogenizer at 1725 rev./min; the post-mitochondrial supernatant was obtained by centrifuging the homogenate for 10min at 17000g. A portion (1.Oml) of the post-mitochondrial supernatant was layered over 3.Oml of 2.0M-sucrose in TKM buffer in a cellulose nitrate tube. 0.25M-Sucrose in TKM buffer was added to a total voume of 10ml and centrifuged for 24h in a Spinco no. 40 rotor at 105 000g (Hayashi & Kazmierowski, 1972) . The resulting pellet contained the free ribosomes, and the membrane-bound ribosomes remained above the interface (Blobel & Potter, 1967b) . The supernatant was decanted and homogenized, and the membrane-bound ribosomes were pelleted by centrifuging for 18 h in a Spinco no. 40 rotor at 40000rev./min. Assay ofpoly(U) polymerase activity
The reaction mixture contained 50umol of Tris buffer, pH8.5, lOumol each of cysteine and MgCl2, l5pCi of [3H]UTP (specific radioactivity 100,Ci/ pmol) and 0.1 ml of free ribosomal suspension; the total volume of reaction was 0.7ml. After a 40min incubation at 25°C, the reactions were stopped by adding 0.O0ml of cold 0. I0M-sodium pyrophosphate, pH7.0, containing 2.0mg of yeast RNA/ml and 2.0mg of bovine serum albumin/ml (Roeder & Rutter, 1970) . Sodium dodecyl sulphate (5%, (0.1 ml) and 2ml of cold 10% (w/v) trichloro acid with 0.04M-sodium pyrophosphate were added. The resulting precipitate was collecte Whatman GF/C filters, washed eight times wit] of cold 5% trichloroacetic acid containing 0 pyrophosphate and washed three times with (v/v) ethanol. The radioactivity was determine( liquid-scintillation counter by placing the dried in a counting vial containing lO.Oml of I solution (Bray, 1960) . The amount of RNA i ribosome fractions was measured by using a mo Schmidt-Tannhauser technique (Fleck & M 1962) . The protein was determined by the ml described by Lowry et al. (1951 Table 2   22 indicates that most of the radioactivity was recovered 5 in the uridine and 2':3'-UMP peaks, suggesting the 22 addition of UMP to existing RNA molecules. The radioactivity ratio of 4-5.6 in 2': 3'-UMP to uridine 1979 Table 2 . Characterization ofreaction product by alkaline hydrolysis A 5-fold assay mixture was employed, with free ribosomes and [3H]UTP. After incubation at 25°C, the reaction was stopped by the addition of sodium pyrophosphate and trichloroacetic acid as described in the Materials and Methods section. The pellet resulting from centrifugation at 20000g for 10min was washed twice with 10 ml of cold 5 % trichloroacetic acid. The final pellet was suspended in 2.0ml of cold water and hydrolysed with an equal volume of 0.6M-KOH for 18h at 37°C. The hydrolysed sample was neutralized (pH 7.0) before the addition of 0.4 mg each of non-radioactive uridine, 2': 3'-UMP, 5'-UDP and 5'-UTP to serve as markers. The solution was placed on a Dowex 1 (formate form; 200-400 mesh) column (1 cm x 10cm) and eluted by linear gradients with formic acid and ammonium formate essentially as described by Hurlbert et al. (1954) . Fractions (5.0 ml) were collected and absorbancy values of 280 nm were determined. The radioactivities of the peak fractions were measured by placing 0.1 ml of the fraction in 0ml of Bray's solution and by using a liquid-scintillation counter. Similar studies were performed with 75leCi of [U-32P] further suggests the synthesis of oligo(U) chains of 5-7-unit lengths. Only 2-6 % of the radioactivity was found in the UTP peak. There was no measurable radioactivity in either uridine or 2':3'-UMP peaks with [y-32P]UTP, but with [_-32P]UTP radioactivity was recovered only in the 2': 3'-U MP peak. The UMP was apparently added to existing RNA molecules. When the RNA was extracted with cold phenol at the end of the reaction and fractionated on sucrose gradients, radioactivity was recovered throughout the gradient. The distribution of radioactivity was exceedingly variable, however, perhaps as a result of degradation of the RNA. Nonetheless, the results clearly indicate that the homopolymerase reaction resulted in the addition of UMP to existing RNA molecules.
A comparison of the various ribosomal preparations, listed in Table 3 Sephadex G-1 50 column chromatography ofthe enzyme preparation The protein solution prepared from free ribosomes was placed on a Sephadex G-1 50 column, 30cm x 3 cm, equilibrated with 0.05 M-(NH4)2SO4 in buffer B, pH 7.4. Fractions (100 drops, 3.Oml) were collected and absorbance at 280nm was recorded. Fractions were analysed for poly(U) polymerase activity. Fraction A represents the pooled fractions nos. 11-16. The standard assay for poly(U) polymerase activity included 50pmol ofTris buffer, pH 8.0, 4pmol of MgCI2, lOpmol of dithiothreitol, 15,uCi of [3H]UTP (specific radioactivity, lOOpCi/,umol) and 0.lOml of enzyme solution in a final volume of 0.7ml. The enzyme was assayed at 10-30pg of protein and 0.1-0.2pg of RNA per assay. The incubation temperature was 32°C. In the assay with exogenous RNA, 75,pg of cold-phenol-extracted ribosomal RNA was added to the reaction mixture (Kidson et al., 1963) . The assay was run for 40min at 32°C and terminated by adding sodium pyrophosphate and trichloroacetic acid as described for free ribosomal preparation, and radioactivity was similarly determined. o o, Reaction with endogenous primer; * *o, reaction with 75,ug of ribosomal RNA; * ....-, A280.
a result of purification procedures before column chromatography (Table 4) . With Sephadex G-1 50 column chromatography the sole peak of poly(U) polymerase activity utilizing endogenous RNA primer (fraction A) was coincident with the absorbance peak at 280nm (Fig. 1) Table 5 . Characterization ofreaction product by alkaline hydrolysis A 3-fold assay mixture was employed, with fraction A. The reaction was stopped by the addition of sodium pyrophosphate and trichloroacetic acid as described in the Materials and Methods section. The final pellet was suspended in 2.0ml of cold water and hydrolysed in 0.3 M-KOH for 18h at 37'C. The hydrolysed sample was neutralized and fractionated by Dowex 1 (formate form) column chromatography as described in A had a specific activity of 3168 pmol/mg of protein; its activity increased linearly for 2h, and the enzyme was stable for 3-4 days at 4°C. The reaction product was analysed after alkaline hydrolysis; the peak fraction of fraction A exhibited a 2' :3'-UMP/uridine ratio of 16.2 (Table 5) , and for the pooled fraction A the ratio was 13.9. When exogenous ribosomal RNA was added to fraction A assay, not only was there a marked inhibition of enzymic activity, but the 2'-3'-UMP/uridine ratio was lowered to 0.64. Sucrose-gradient analysis of the reaction product from fraction A after 10, 20 and 40min of incubation demonstrated only an increasing amount of radioactivity with time in the low-molecular-weight zone without any specific pattern of radioactivity peaks.
The effects of various reagents on fraction A activity are listed in Table 6 . The results indicated that the enzyme was a ribohomopolymerase involving poly(U) with specific requirements for endogenous RNA and Mg2+. The addition of exogenous riboVol. 177 somal RNA, poly(U) or poly(A) actually depressed the enzymatic activity.
Fraction A was placed on a CM-cellulose column for further fractionation. The results (Fig. 2) indicated the presence of several forms of poly(U) polymerase demonstrating different primer requirements for either exogenous or endogenous RNA. A few of the endogenous RNA-requiring poly(U) polymerase activities were coincident with the peak activities of the exogenous RNA-requiring enzymes; however, others were clearly separate.
Alkaline hydrolysis of the reaction product from some of the CM-cellulose peaks displayed relatively low 2',3'-UMP/uridine ratios (Table 7) , especially in the reaction with exogenous ribosomal RNA. Longer chain lengths of UMP were observed in reactions with endogenous RNA primer.
Sucrose-gradient analyses of the cold-phenolextracted RNA of the reaction product obtained after short incubations displayed radioactivity in the 28S and 18S peaks of exogenous ribosomal RNA; after longer incubations (at 32°C) there was extensive degradation of 28 S and 18 S ribosomal RNA. Sucrose-gradient analyses of the cold-phenolextracted RNA of the reaction product from the endogenous primer reaction showed a radioactivity peak in the low-molecular-weight zone. The fractions containing radioactivity were pooled and placed in a 100°C water bath for 5min; the RNA was extracted with cold phenol and placed on a second sucrose gradient. Analyses demonstrated the same radioactivity peak in the low-molecular-weight zone. These findings suggest that the short poly(U) chains were linked to pre-existing RNA species with linkage more specific than hydrogen-bonding.
Although components of fraction A could be separated by DEAE-cellulose chromatography, the results were not as reproducible nor as sharply delineated as those obtained with CM-cellulose. With both columns, however, the resulting poly(U) polyExpt. no. were collected and immediately analysed for enzymic activity. The assay system was the same as that described in Fig. 1 , except lOumol of MgCI2 was utilized in the reaction mixture. o0o, Reaction with endogenous primer; *-*, reaction with 751jg of ribosomal RNA; .... * , A280. Table 7 . Characterization ofreaction product by alkaline hydrolysis The product from 3-fold assay of CM-cellulose fractions (Fig. 2) 
Discussion
The present results indicate that the specific requirements for poly(U) polymerase activity depend upon the degree of purification of the enzyme preparation. Our initial report on poly(U) polymerase activity in the free ribosomes of the rat liver utilized a crude preparation that did not require exogenous RNA for maximal reaction (Hayashi, 1975) . During the period when our studies with a free ribosomal preparation had been completed, Milchev & Hadjiolov (1978) reported the coexistence of poly(U) polymerase and poly(A) pqlymerase in the cytoplasmic ribosomes of Ehrlich ascites tumour cells in a similar ribosomal preparation without exogenous RNA. Wilkie & Smellie (1968b) had reported the presence of poly(U) polymerase in the free ribosomes of rat liver, utilizing an unpurified ribosomal preparation that required exogenous polymerized yeast RNA for enzymic activity. The RNA primer requirements of poly(U) polymerase among eukaryotic systems have been reported to vary widely. Poly(U) polymerase prepared from microsomal fractions and from free ribosomes of rat liver definitely required either yeast RNA (Wilkie & Smellie, 1968a,b) or ribosomal RNA (Klemperer, 1963) ; the enzyme from microsomal and cytoplasmic fractions of Landschiitz ascites-tumour cells and Ehrlich ascites-carcinoma cells required exogenous RNA extracted from its own tumour cells (Wykes & Smellie, 1966; Burdon & Smellie, 1961) . The microsomal fraction from rat brain demonstrated poly(U) polymerase activity that preferentially utilized 28 S and 18 S ribosomal RNA species extracted from either rat brain or rat liver (Hozumi et al., 1975) . The enzyme in tobacco leaves exhibited an even more specific primer requirement for poly(A) (Brishammar & Juntti, 1975) . The only poly(U) polymerases that do not require exogenous RNA were found in the cytoplasmic extract of BHK21 cells, in cytoplasmic ribosomes of Ehrlich ascites-tumour cells (Villarreal & Holland, 1974) and in the nuclear ribosomes of calf thymus (Burdon, 1963) . The present report indicates the presence of several forms of poly(U) polymerase in hepatic free ribosomes with various requirements for endogenous or exogenous primers.
Fraction A separated only by Sephadex G-150 column chromatography differed markedly from the previously reported poly(U) polymerases of eukaryotic systems in demonstrating an unusual dependence upon an endogenous primer. The activity was sharply decreased with exogenous RNA concentration Vol. 177 greater than 10,ug. Although the enzyme prepared from nuclear ribosomes of calf thymus required no RNA primer, it differed from fraction A in that the addition of poly(U) enhanced its enzymic reaction whereas the presence of other trinucleotides decreased its activity (Burdon, 1963) . Also, the same enzyme activity was diminished by sonic disruption, in contrast with fraction A, which showed a 2-3-fold increase in enzymic activity after sonication of the free ribosomal suspension (results not shown). The dependence of fraction A upon an endogenous primer even after several purification procedures, including protamine sulphate treatment followed by separation with Sephadex chromatography, suggests that the primer is tightly bound to the enzyme. Furthermore, enzyme A has demonstrated the longest chain lengths of poly(U) compared with those reported previously from eukaryotic systems.
The present data do not specifically indicate that the endogenous primer is RNA. Such detail will require purification of enzyme to homogeneity in addition to a stable enzyme fraction. However, the presence of radioactivity in the sucrose gradient after cold-phenol extraction of the reaction product from both the exogenous-and endogenous-RNA-requiring poly(U) polymerase does suggest that in all probability the primer is RNA.
The poly(U) polymerase activities reported herein have been found only in the free ribosomal preparations from rat liver homogenates. Both the membranebound ribosomes and microsomal fraction produced minimal or no activity; the use of deoxycholate in any phase of the preparation strongly inhibited the enzymic reaction, as was found for extracts from BHK21 cells (Villarreal & Holland, 1974) . Our inability to demonstrate enzymic activities in these ribosomal preparations may possibly reflect the presence of higher ribonuclease activity in such preparations. Furthermore, the present studies do not rule out the possibility that the poly(U) polymerase activity observed in the free ribosomes may have resulted from an adventitious binding of poly (U) polymerase from other sources such as the nuclei during the homogenization procedure.
All previous reports on poly(U) polymerase have indicated a single form of enzymic activity, as observed in fraction A of the present study. The varidus forms of poly(U) polymerases observed after further separation with CM-cellulose chromatography may indicate either multiple forms or complexes of poly(U) polymerase with different primers. Nevertheless, specific changes in poly(U) polymerase activity were observed after CM-cellulose separation: there was decreased chain length of reaction product, the enzyme became unstable even though it still retained activity with endogenous primer, and there was less inhibition by exogenous RNA. These changes may be the result of separation of enzyme from primer, either transient or permanent, or the result of separation of proteins that stabilize the enzyme-primer complex.
